Abstract Advanced propellers promise significant fuelburn savings compared to turbofans. When installed on the fuselage in a pusher configuration, the propeller interacts with the wake of the supporting pylon. This paper presents an experimental analysis of the aerodynamic and aeroacoustic characteristics of this pylon-propeller interaction. An isolated propeller was operated in undisturbed flow and in the wake of an upstream pylon at the large low-speed facility of the German-Dutch wind tunnels (DNW-LLF). Measurements of the pylon-wake characteristics showed that the wake width and velocity deficit decreased with increasing thrust due to the suction of the propeller. The installation of the pylon led to a tonal noise penalty of up to 24 dB, resulting from the periodic blade-loading fluctuations caused by the wake encounter. The noise penalty peaked in the upstream direction and became increasingly prominent with decreasing propeller thrust setting, due to the associated reduction of the steady blade loads. The integral propeller performance was not significantly altered by the pylon-wake encounter process. However, at sideslip angles of ±6°, the effective advance ratio of the propeller was modified by the circumferential velocity components induced by the pylon tip vortex. The propeller performance improved when the direction of rotation of the propeller was opposite to that of the pylon tip vortex. Under this condition, a reduction was measured in the noise emissions due to a favorable superposition of the angular-inflow and pylon-wake effects.
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Introduction
Today's concerns about environmental issues together with increasing pressure on airlines' profit margins motivate the need for more fuel-efficient aircraft. In this context, propeller propulsion systems provide an interesting alternative to turbofans. A recent aircraft design study [1] predicted fuel-burn reductions of 10-20% by replacing equivalenttechnology-level turbofans with modern propellers. In the last decades, the maximum operating speed of propellers has improved due to modern propeller designs, featuring high disk loadings and swept blades. However, the noise emissions of the propeller still pose a challenge, especially due to the absence of an engine cowling and the relatively high Mach numbers at the blade tip.
To minimize cabin noise, the propellers should be positioned as far away as possible from the passengers. In this regard, the best aircraft configuration features pylonmounted pusher propellers, installed at the rear of the fuselage [2, 3] . Such a layout brings along additional benefits in terms of ground clearance and slipstream-interference drag when compared to a conventional wingmounted setup [3] . However, the position of the propeller downstream of its support introduces severe unsteady loading on the propeller disk [4] . This is due to the cyclic passage of the blades through the momentum deficit in the pylon wake, causing a sudden increase in the angle of attack of the blades and a decrease in the local dynamic pressure. The resulting periodic change in the pressure field causes an additional source of tonal noise, next to the noise sources due to blade thickness and steady loading associated with the isolated propeller [5] .
Previous experimental work [6] [7] [8] [9] [10] [11] focused on the aeroacoustic impact of the pylon-wake impingement for semi-installed pusher propellers. More recently, acoustic investigations were reported that extended the scope to complete aircraft configurations [12, 13] . In all cases, significant tonal noise penalties were measured compared to the isolated propeller test case. Such noise penalties have been observed for both single-and contra-rotating propellers; for the latter, the phenomenon is dominated by the tones emitted by the first blade row [9, 10] . The additional noise due to the pylon-wake interaction is a function of the operating conditions of the propeller. Block [6] showed that the magnitude of the overall tonal noise penalty decreases with increasing tip Mach number or disk loading. Magliozzi [8] presented acoustic data for an installed pusher propeller at an angle of attack and observed that the noise penalty due to the installation of the pylon was larger for the symmetric case than for the configuration in angular inflow. This was attributed to a flow-straightening effect of the pylon. Apart from the increased amplitude of the noise emissions, the installation of the pylon also introduces a shift in the harmonic content of the propeller noise [14] . Additionally, the directivity of the noise emissions is modified due to the pylon-installation effects. The interaction noise penalty is especially pronounced away from the propeller plane, where the noise emissions of the isolated propeller are relatively low [6, 14] .
Despite the main source of noise being known, the relation between the pylon-propeller interaction and the propeller performance is still controversial. Among the few existing studies on the topic, Gentry et al. [15] observed a favorable installation effect on the thrust levels of a propeller with an upstream pylon and nacelle. This was, however, attributed to the presence of the nacelle wake, while the effect of the pylon wake was considered negligible. No blade-loading information was available to support this conclusion. Such data were available in the work of Farokhi et al. [4, 17] , which showed that the pylon-wake impingement is experienced by the blades as a periodic, impulsive increase in blade loading. Next to the detrimental effects due to the wake encounter, also a beneficial interaction occurs due to tip-vortex recovery. Experiments on a wingtip-mounted pusher propeller highlighted that part of the vortex energy can be recovered by locating the propeller within the tip vortex of the wing [16] . Again, the unsteady propeller blade loads were not considered; hence a complete understanding of the vortex recovery mechanism, including the effects on the propeller noise emissions, remains unavailable.
Numerical work performed by Stürmer [18] confirmed previous findings on the pylon-wake impact on the propeller noise emissions, while additionally discussing the effects of the unsteady blade loads during the wake encounter. Moreover, a combined experimental-analytical study [19] identified the wake-impingement effect on the propeller noise signatures. Consequently, it is understood that the pylon-wake encounter causes unsteady blade loads and a noise increase. However, no experimental study is available that discusses both simultaneously. The purpose of the current paper is to provide such a comprehensive analysis of the aerodynamic and aeroacoustic interaction effects occurring for pylon-mounted pusher propellers, based on experimental data obtained in a large-scale industrial wind-tunnel facility. Following a characterization of the nonuniform inflow to the propeller due to the pylon wake, the resulting unsteady aerodynamic response of the blades is discussed. The impact of the pylon-wake encounter on the integral propeller performance is then substantiated, after which the aeroacoustic interaction effects are highlighted. The sensitivity of the installation effects to the propeller operating conditions and inflow angle are considered throughout the paper.
Experimental setup
Experiments were performed using a setup constituted by a propeller model installed downstream of a pylon, as depicted in Fig. 1 . The test campaign was carried out at the Large Low-Speed Facility of the German-Dutch Wind Tunnels (DNW-LLF). The tunnel was operated in its openjet configuration, with an outlet of 8 m 9 6 m. The turbulence intensity in the longitudinal and lateral directions equals 0.24% and 0.13% at the selected free-stream velocity of 60 m/s. Acoustic treatment of the test section allowed for semi-anechoic test conditions. The characteristics of the propeller and pylon models are provided in Tables 1 and 2 , respectively. The six-bladed propeller of 0.508 m diameter was designed and built for the EU-funded APIAN project [20] [21] [22] . The blade pitch angle was set to 40.4°at r/R = 0.75, as defined from the direction of the tangential velocity of the blade. The propeller was run at three different conditions: high, intermediate, and low thrust settings, corresponding to thrustcoefficient values C T of 0.51, 0.36, and 0.18. Since the blade pitch angle was fixed during the tests, the different thrust settings were achieved by changing the propeller rotational speed. The associated advance ratios J equaled 1.05, 1.40, and 1.75, respectively.
The pylon with chord length of 0.489 m featured a straight, unswept planform. The NACA 0010 cross section was modified to obtain a trailing-edge thickness of 0.008c. This was required to fit a blowing system into the aft part of the model [23] . The current paper only discusses results obtained without application of the blowing system. The leading edge of the propeller blade was positioned at approximately 30% of the propeller diameter downstream of the pylon trailing edge, as depicted in Fig. 2 . The pylonpropeller combination was mounted on a fixed support system, which could be rotated around its vertical axis. The system allowed operation at sideslip angles of ?6°and -6°, defined positive as in Fig. 3a .
Four propeller blades were instrumented with surfacepressure transducers, featuring a maximum frequency response of approximately 10 kHz. At a radial station of r=R % 0:65, seven sensors were flush-mounted on both the suction and pressure sides of the blades, at the chordwise coordinates The effects of calibration drifts were limited by averaging the measurement data over 6-17 repeated runs per operating condition. Spectral analysis was performed on the raw data using Welch's method [24] with 94 blocks, no overlap, and Hann windows, resulting in frequency spectra with a frequency resolution of approximately 3 Hz. Moreover, a one-pulse-per-revolution trigger signal was used as a reference for phase averaging of the recorded data. In addition to the pressure transducers installed in the blades, a rotating shaft balance (RSB) was integrated into the propeller hub to acquire propeller thrust and torque during all runs. Again, a measurement time of 30 s was used, while similar data processing techniques were applied as for the pressure transducers.
To quantify the nonuniformity of the propeller inflow, stereoscopic particle-image velocimetry (sPIV) was employed. Horizontal measurement planes were positioned between the pylon trailing edge and the propeller. An illustration of the measurement-plane locations is provided in Fig. 4 . A detailed overview of the data acquisition and postprocessing characteristics of the sPIV setup is provided in Table 3 . Fields of view of about 152 mm x 212 mm were centered at the pylon trailing edge in the lateral direction. Six planes were considered, positioned at 0.34, 0.49, 0.69, 0.79, 0.89, and 0.99 times the propeller radius below the propeller axis. For each plane, a total of 330 image pairs were averaged to obtain converged mean flow fields. Postprocessing was performed using an iterative multi-grid method, with final interrogation window size of 24 pixel 9 24 pixel and 50% overlap. The uncertainty of the PIV data was estimated taking into account the uncertainty of the cross-correlation of the image pairs, the convergence of the mean, and image disparity. The resulting uncertainty amounted to around 3.6% of the free-stream velocity.
The propeller noise emissions were evaluated using 39 inflow microphones, installed in a wing-shaped support structure. A detailed description of the system is provided in [13] . All microphone data were recorded for a measurement time of 30 s, at a sampling rate of 51.2 kHz. Spectral analysis and phase averaging of the data were performed using the same approach as taken for the pressure-transducer data. To extract the purely harmonic content from the microphone data, bandpass filters were applied around the frequencies corresponding to the first ten multiples of the BPF. In this way, the acoustic signatures were obtained associated with each of the individual propeller tones. The in flow microphone wing was traversed in the axial direction to cover a geometric directivity range of 30
, as defined at the vertical position of the propeller axis. The corresponding circumferential directivity angle range was 57 / 111 . The definition of the axial and circumferential directivity angles is provided in Fig. 3b , c. The circumferential angle / was also used to refer to the blade position for the aerodynamic measurements. 
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3 Experimental results
Aerodynamic interaction effects
The installation of the pylon upstream of the propeller introduces two major aerodynamic interactions. This section presents and discusses both: the effects of the propeller on the pylon-wake characteristics and the modification of the propeller blade response by the periodic wake impingement.
Symmetric inflow conditions
The sPIV setup was used to characterize the inflow experienced by the propeller in the pylon-on configuration. Figure 5 provides the axial velocity at 0.078D upstream of the propeller for the three propeller operating conditions considered. Linear interpolation was performed between the six sPIV measurement planes to obtain the axial velocity at the vertical and lateral positions traced by a blade section at a given radial coordinate. The results are presented as the ratio of the velocity data obtained for the pylon-on and pylon-off configurations. A radial coordinate of r/R = 0.65 is considered, because the blade pressure distribution was measured at this position. Markers are indicated at two-degree intervals for clarity; note that the actual resolution of the data was higher.
In Fig. 5 , a net decrease in inflow velocity is shown in the pylon wake, with a magnitude of about 19-25% of the local velocity measured for the pylon-off configuration. The maximum deficit occurred in the center of the wake at a blade position of / = 180°, as expected. Both the wake width and maximum velocity deficit decreased with increasing propeller thrust. This is due to the favorable pressure gradient imposed by the propeller. Similar results have been presented in literature for turbulent wakes in favorable pressure gradients (e.g., [25] ). Outside of the wake region, an additional change in velocity is observed due to the installation of the pylon. This is due to the deceleration of the flow field near the pylon trailing edge.
The velocity deficit in the pylon wake introduces a nonuniformity into the propeller inflow. To quantify the 
152 mm 212 mm resulting impact on the propeller response, the unsteady blade loads were analyzed at a radial station of r=R % 0:65. The surface-pressure transducers provided measurements on opposite sides of the blade at seven chordwise positions. The local pressure jump was computed by subtracting the pressure coefficients measured on the pressure and suction sides of the blades. Integration was then performed in the chordwise direction using the trapezoidal rule to obtain the local normal-force coefficient as a function of the circumferential blade position. In this process, the pressure jump measured at the pressure transducer closest to the blade leading edge (x=c b ¼ 0:05) was extended up to the leading edge, while at the trailing edge a pressure difference of zero was prescribed. Comparison with data obtained from CFD simulations of the isolated propeller, not discussed in this paper, showed that the associated integration error was less than 1%. Figure 6 presents the resulting development of the normal-force coefficient throughout the rotation, while Table 4 summarizes the corresponding numerical values. Estimates of the uncertainty of the data were computed from the scatter of repeated measurements taken for the pylon-off configuration and are indicated by the error bars plotted in the top left of the subplots of Fig. 6 . Data markers are displayed at 15°intervals for clarity. The circumferential blade position is defined with respect to the leading edge of the blade at a radial station of r=R % 0:65. Figure 6 shows a sinus-like variation of the sectional normal-force coefficient during the rotation for the pylonoff configuration. This is ascribed to a slight angular inflow to the measurement setup, caused by a flow perturbation due to the presence of the inflow measurement infrastructure. The corresponding inflow angle was estimated from the data to be approximately 0.2°. With the pylon installed, an impulsive increase in the blade loading occurred during the wake encounter. Analysis of the pressure distributions showed that the increase of the normal force was mainly due to a localized rise of the pressure jump across the leading-edge part of the blade, as illustrated in Fig. 7 for the intermediate thrust case (J = 1.40). The pressure distribution on the rear of the blades was hardly affected by the installation of the pylon.
The largest impact of the wake on the sectional blade normal force occurred at the low thrust setting (J = 1.75). In this operating regime, the normal force increased by approximately 35% during the wake encounter when compared to the steady-state value. Considering the root mean square of the normal-force fluctuations, a similar conclusion can be drawn. Again, with increasing thrust setting, the relative amplitude of the oscillations of the normal force decreased. The reduction in impact of the wake impingement with increasing thrust setting has three reasons. First, for a given velocity deficit in the propeller inflow, the absolute change in angle of attack experienced by the blade section decreases with increasing rotational velocity, hence increasing the rotational speed of the propeller. This effect is further enhanced by the reduction in wake deficit with increasing thrust coefficient, as shown in Fig. 5 . Second, with increasing thrust setting, the inflowangle change due to the wake encounter loses importance relative to the steady value, since the steady-state angle of attack of the blade increases with decreasing advance ratio. he normal-force coefficient at the maximum impact of the wake encounter is indicated by c nwake Finally, the reduced frequency of the wake-impingement perturbation increases with increasing rotational speed, and hence the thrust setting. With increasing reduced frequency, the amplitude of the unsteady load perturbation decreases [26] . For the given blade geometry and operating parameters, the reduced frequency k equaled 0.28, 0.26, and 0.24 at r=R % 0:65 at the fundamental frequency for the high, intermediate, and low thrust conditions, respectively. The unsteady response of the blades also leads to a phase lag between the peak normal-force response and the location of maximum velocity deficit in the wake (/ ¼ 180 ). This phase lag increases with the thrust setting due to the associated increase in reduced frequency of the perturbation problem.
Outside of the pylon-wake region, the blade responses for the pylon-off and pylon-on configurations also differed. Ahead of the wake encounter, the blades experienced a slight change in loading due to the local deceleration of the flow field near the pylon trailing edge. After the wake encounter, the blade response slowly recovered toward the values recorded for the pylon-off configuration. The load oscillations occurring in this part of the rotation for the pylon-on configuration seem related to the excitation of the blades due to the wake passage. However, it is unknown whether they were the result of purely aerodynamic effects, or possibly a structural response of the blades.
The variations of the suction-peak pressure coefficient were analyzed in the frequency domain to assess the tonal and broadband components of the blade-load fluctuations resulting from the installation of the pylon. Repeated measurements provided 6-17 spectra for each operating condition. Ensemble averaging was performed to obtain the final results, as plotted in Fig. 8 . Low-amplitude electronic noise was present in the pylon-off data at frequencies equal to integer multiples of 50 Hz, corresponding to mains interference.
The frequency spectra presented in Fig. 8 significantly differ between the three thrust settings. Comparing the pylon-off configurations, a strong increase of the broadband component of the pressure fluctuations can be observed at the high thrust setting (Fig. 8a) . This was due to the increased turbulence levels induced by a leadingedge vortex, caused by the high blade sweep. The existence of this leading-edge vortex was confirmed by analysis of the data from the pressure sensors at the other locations on the blade and numerical simulations of the isolated propeller. For the lower thrust cases (Fig. 8b, c) , the leadingedge vortex was less prominent (J = 1.40) or absent (J = 1.75). Therefore, the broadband response is lower for these thrust settings. Instead, at the intermediate and low thrust settings, the spectra were dominated by the fundamental tone at the shaft frequency, while the levels of the harmonics were comparatively low. The observed tonal components in the pylon-off data were due to the slight inflow angularity discussed in conjunction with Fig. 6 , and should be considered as an artifact rather than an expected feature of the investigated configuration.
For the pylon-on configuration, the periodic impulsive increase in suction-peak pressure during the wake encounter led to an increase of the power levels at the shaft order, and especially its harmonics. The largest tonal pressure oscillations occurred at the intermediate thrust setting (Fig. 8b) . The increased turbulence intensity in the pylon wake increased the broadband response of the blades at all thrust settings when compared to the pylon-off configuration.
The RSB data were evaluated to investigate the impact of the pylon installation on the integral propeller loads. performance measured under symmetric inflow conditions, at the three thrust settings considered throughout the paper. The corresponding numerical values for the thrust coefficient are summarized in Table 5 . The uncertainty of the data is indicated by error bars displayed at each data point for the pylon-off configuration. It was computed as the standard deviation of all available repeated measurements.
From Fig. 9 and Table 5 , it is concluded that the impingement of the pylon wake did not significantly alter the time-averaged integral propeller performance. At all operating points, the measured changes in propeller thrust were within the variability of the RSB data. Similarly, small differences were measured for the torque coefficient. This agrees with the measurement data of Gentry et al. [15] , who also concluded that the effect of the pylon wake on the steady-state propeller performance was negligible. The favorable interference effect due to the nacelle that was observed in that study could not be reproduced here, since no nacelle was present upstream of the propeller. Note that the RSB results differ from the higher changes in sectional normal-force coefficient derived from the pressure transducers installed in the propeller blades (Table 4) . However, integrated over the blade, the overall increase in thrust could be smaller than predicted locally at r=R % 0:65 due to variations of the unsteady response of the blades along the span.
Asymmetric inflow conditions
The introduction of angular inflow to the pylon-on configuration leads to nonzero loading on the pylon. To assess whether this induced a strong modification of the pylon wake, Fig. 10 provides a comparison of the propeller inflow experienced under symmetric and asymmetric inflow conditions. The low thrust case is considered, while the measurements in angular inflow were performed at a sideslip angle of b ¼ À6
. For clarity, markers are again displayed at two-degree intervals. Figure 10 shows that for the case with angular inflow, the location of the maximum velocity deficit was shifted to a lower circumferential angle than for the symmetric configuration. Also, the flow deceleration outside of the pylon wake increased due to the operation at sideslip. Both effects are due to the increased loading on the pylon, which intensified the impact of the pylon on the surrounding flow field. Yet, the relative velocity deficit and wake width were comparable for both cases. Therefore, the impact of the wake encounter on the propeller blade loads is expected to be similar for the symmetric and asymmetric inflow configurations. To test this hypothesis, Fig. 11 provides the phase-averaged sectional loading data for the pylon-off and pylon-on configurations, with and without angular inflow. The low thrust condition (J = 1.75) is considered, while markers are again plotted at 15°intervals. The associated numerical data are provided in Table 6 . Figure 11 confirms that the operation of the isolated propeller under angular-inflow conditions introduced unsteady loading on the blades. The cyclic changes in the effective velocity experienced by the blade sections resulted in angle-of-attack perturbations during the rotation, leading to the expected sinusoidal load variations [27, 28] . With the pylon present, a significant shift is observed in the sectional blade loading when comparing the cases at zero and negative sideslip. Since the blade normal force was affected throughout the entire rotation, this cannot be due to the more localized pylon-wake encounter. Instead, the offset is ascribed to an interaction with the tip vortex of the pylon. Depending on its direction of rotation relative to the propeller, the tip vortex either increased or decreased the rotational velocity experienced by the blade sections. Consequently, the effective advance ratio was modified due to the interaction with the tip vortex, thereby affecting the propeller blade loads.
Apart from the offset due to the tip-vortex interaction, the sinusoidal normal-force oscillations due to the sideslip angle were similar for the pylon-off and pylon-on configurations. Therefore, it is concluded that the pylon did not appreciably modify the effective incidence angle experienced by the propeller. This opposes the conclusions drawn by Magliozzi [8] , who attributed a drop in measured noise levels for the pylon-on configuration at angle of attack to a flow-straightening effect due to the pylon. Figure 11 also shows that the wake-impingement effects were comparable under symmetric and asymmetric inflow conditions, apart from a 4-degree phase offset between the blade positions corresponding to the peak normal-force perturbation. This was due to the asymmetry of the wake profile at sideslip, which resulted in a shift of the maximum velocity deficit toward the blades entering the wake region (Fig. 10) , hence reducing the circumferential blade position of maximum wake impact.
The shift in blade normal force due to the interaction with the pylon tip vortex strongly modified the integral propeller performance. Figure 12 presents the performance diagrams measured for the pylon-on configuration, at sideslip angles of 0°and ±6°. The corresponding numerical data are provided in Table 7 . Linear interpolation was applied to report the thrust-coefficient values at the three advance ratios considered in the rest of the paper. The change in effective advance ratio due to the interaction with the pylon tip vortex is represented by the parameter DJ b . The value of this parameter was approximated by comparing the advance ratios required to obtain the same thrust-coefficient value under symmetric and asymmetric inflow conditions. The performance curves plotted in Fig. 12 show a critical change of the system's sensitivity to the pyloninstallation effects due to the angular inflow, confirming the trends observed in the sectional loading data (Fig. 11 ) and those discussed before by Patterson and Bartlett [16] . Operation at positive sideslip significantly increased the propeller thrust and torque at constant advance ratio. For this configuration, the effective advance ratio sensed by the blades was decreased by 0.13-0.17 when compared to the symmetric case. Considering the definition of the sideslip angle (Fig. 3a) , this implies that the effective advance ratio experienced by a pylon-mounted pusher propeller decreases due to the tip-vortex interaction if the propeller rotation direction is inboard-up. In this way, a given thrust coefficient can be obtained at reduced rotational speed of the propeller, which is beneficial from both aerodynamic and acoustic points of view. It should be noted that the measured effects due to the pylon tip vortex might have been amplified due to the absence of a nacelle at the tip of the pylon in the test setup. Table 6 Effect of pylon installation and angular inflow on the sectional blade-loading characteristics at r=R % 0:65, J ¼ 1:75 ig. 12 Effect of angular inflow on the time-averaged propeller performance, pylon-on
Aeroacoustic interaction effects
The unsteady blade loads resulting from the pylon-wake encounter introduce an additional noise-generating mechanism compared to the pylon-off configuration. The periodic impingement phenomenon causes additional tonal noise emissions. The interaction of the blades with the increased turbulence intensity in the pylon wake constitutes a secondary effect, which might affect the broadband noise emissions.
Symmetric inflow conditions
Sound spectra were computed from the inflow microphone data to compare the propeller noise emissions with and without the pylon. Figure 13 presents the spectra acquired at the high, intermediate, and low thrust settings. The data were obtained using the microphone corresponding to an axial emission angle in the propeller plane (h e ¼ 90
) and a circumferential position perpendicular to the pylon (/ ¼ 90 ). For reference, measurements of the background noise were taken using a dummy spinner. The corresponding levels are indicated in Fig. 13 by the lines without markers. Note that wind-tunnel fan noise overpowered the propeller noise at frequencies below approximately 400 Hz.
The spectra depicted in Fig. 13 display typical propeller noise signatures. For the pylon-off configuration, the noise emissions were dominated by the fundamental propeller tone (1BPF). With the pylon present, on the other hand, the noise levels increased and the harmonics contributed to the overall tonal noise level at all operating conditions considered. This is due to the impulsive blade-loading change during the pylon-wake encounter (Fig. 6) , and was also observed before by other researchers [10] . The overall noise penalty was smallest in high thrust conditions (J ¼ 1:05, Fig. 13a ), because at this setting the thickness and steady-loading noise sources associated with the isolated propeller were dominant. At the selected microphone position, the level of the fundamental tone even decreased by 2 dB due to the pylon installation. At this frequency, the wavelength of the acoustic signal was of the order of the propeller diameter. Therefore, the reduction of the tonal noise level due to the pylon installation could have been due to local destructive interference between the various noise sources. This is treated in more detail in the discussion of Fig. 15 . At the other two operating conditions (J ¼ 1:40 and J ¼ 1:75, Fig. 13b, c) , the thickness and steady-loading sources were weaker; hence, the noise penalty due to the pylon installation was larger. This trend of increasing installation impact with decreasing thrust condition agrees with the observations published before by Block [6, 14] .
The installation of the pylon did not significantly affect the measured broadband noise emissions. These only stood out of the background noise for the high and intermediate thrust cases (for f [250 Hz and f [2500 Hz, respectively). At both thrust settings, the levels of the broadband noise emissions were the same for the pylon-off and pylon-on configurations. Apparently, the increase in the random fluctuations of the suction-peak pressure caused by the installation of the pylon (Fig. 8 ) was insufficient to modify the broadband component of the noise. The strong increase in broadband noise emissions at the highest thrust setting observed for the isolated propeller is as expected, considering the spectra of the suction-peak pressure discussed before.
For the pylon-on configurations, the spectra contained an additional tone when compared to the pylon-off cases at a frequency of around 1770 Hz. The propeller thrust setting did not affect the frequency and amplitude of this tone, which was attributed to vortex shedding from the pylon trailing edge. This was concluded from analysis of the velocity fields downstream of the pylon acquired with the sPIV setup, as shown in Fig. 14. A clear vortex street can be seen traveling downstream, with four shedding periods visible in the field of view. The shedding length was approximated at 26 mm, while the local axial velocity equaled around 45 m/s, leading to a shedding frequency of about 1730 Hz. This is within 2% of the frequency of the tone observed in the sound spectra (Fig. 13) , hence confirming that the tone was indeed caused by vortex shedding.
Considering the negligible impact of the pylon installation on the broadband noise emissions, the remainder of this subsection focuses on the tonal noise levels. Figure 15 compares the pressure waveforms corresponding to the sum of the first ten propeller tones for the pylon-off and pylon-on configurations. Figure 15 shows that for the pylon-off configuration, the shapes of the pressure waveforms were similar among different thrust settings. A six-per-revolution cycle can be seen, corresponding to the individual blade passages. The installation of the pylon increased the complexity of the acoustic pressure signals, causing a modification of the noise emissions as discussed before under Fig. 13 . The Table 7 Effect of angular inflow on the time-averaged propeller thrust coefficient, pylon-on The amplitude of the positive pressure peaks increased due to the installation of the pylon, and the impulsive pressure changes on the blades occurring during the wake encounter enriched the harmonic content of the acoustic signals. At the high thrust setting, a different pattern is observed. The interaction noise component effectively canceled part of the thickness and steadyloading noise generated by the isolated propeller. As a result, at this thrust setting, the overall sound pressure level of the propeller tones decreased due to the installation of the pylon at the considered observer position. Besides the pronounced impact on the levels, the installation of the pylon also affected the directivity of the propeller noise emissions. In the circumferential direction, the noise penalty due to the pylon installation was relatively constant for the range of angles covered by the inflow microphones. Therefore, only the results measured using the microphone positioned perpendicular to the pylon (/ ¼ 90 ) are discussed here. Figure 16 presents the corresponding total tonal noise levels as a function of the axial emission angle. An interaction noise metric (labeled 'Interaction') was defined as the sound pressure level corresponding to the difference between the pressure signals for the pylon-on and pylon-off configurations. The resulting values are indicative of the relative importance of the noise source associated with the pylon-wake effect and the noise levels emitted by the isolated propeller.
The data displayed in Fig. 16 present a clear directivity effect. The additional noise due to the installation of the pylon was especially pronounced in the upstream direction. Regardless of the propeller thrust setting, the interaction noise peaked at an axial emission angle of about 50°. The largest installation impact occurred at the low thrust setting, with noise penalties of up to 24 dB. Consequently, the installation of the pylon strongly reduced the sensitivity of the noise emissions to the propeller thrust setting. For the isolated propeller, a difference of 10-20 dB was present between the high and low thrust cases. With the pylon installed, this decreased to 5-10 dB. The measured directivity of the interaction noise due to the installation of the pylon matches with numerical results computed by Stürmer and Yin [18] for the front row of a contra-rotating open rotor with high blade sweep. Block [6, 14] , on the other hand, measured a strong noise penalty in both the forward direction and the aft direction. The exact reason for this difference is unknown, but it could be related to the significantly different blade shape used in the current experiment compared to the model used by Block.
The directivity patterns measured for the isolated propeller showed unexpected local drops in the noise level at all three advance ratios. Analysis of the pressure waveforms showed that this was due to interference between the various noise sources, which might have locally reduced the measured sound pressure level. For the fundamental tone, with wavelength of the order of the propeller diameter, the pressure signals at h e ¼ 80
and h e ¼ 90 were completely out of phase. No significant additional peaks were observed in the spectra apart from those corresponding to the individual blade passages. Therefore, the possibility of reflections influencing the data seems to be excluded. 
Asymmetric inflow conditions
Operation of the propeller at angle of attack affects the propeller noise emissions in two different ways [29] . First, the oscillatory blade loading (Fig. 11) introduces a source of unsteady-loading noise. Second, the crossflow modifies the local Mach number of the blade sections when rotating toward the observer. The recorded noise levels are increased if the blades travel toward the microphones with increased Mach number, and vice versa. The relative impact of the two effects depends on the propeller operating condition. This is clearly illustrated in Fig. 17 , which presents the axial directivity patterns measured at the high and low thrust settings (Fig. 17a, b) . For the latter, also the data acquired for the pylon-on configuration are included (Fig. 17c) . Results are presented for sideslip angles of 0°, ?6°, and -6°, except for the high thrust case for which only data were available at the negative angle. The directivity patterns shown in Fig. 17a , b highlight the shift in the acoustic impact of the sideslip angle with the propeller operating point. For the circumferential directivity angle considered here (/ ¼ 90 ), the blades traveled toward the microphones with increased Mach numbers for the positive sideslip case. Therefore, at that condition the highest noise penalty was observed at all thrust settings, since both the unsteady blade loads and convective-amplification effects resulted in increased noise levels. For the low thrust case at positive sideslip, the resulting noise penalty was up to 12 dB when compared to the symmetric-flow case. At b ¼ À6
, on the other hand, the unsteady blade loads increased the noise levels, which was opposed by a noise reduction due to the reduced blade velocity in the direction of the microphones. Figure 17 shows that the effects due to the unsteady blade loads were dominant at the low thrust setting, while for the high thrust case the blade Mach number effects had the largest impact on the overall noise levels. This was confirmed by analysis of the pressure waveforms corresponding to the data depicted in Fig. 17 .
As shown in Fig. 17c , the installation of the pylon also increased the noise emissions under angular-inflow conditions. However, the noise levels were lower than those for the symmetric case in most of the directivity range. Especially for the case at positive sideslip, the noise penalty due to the pylon installation was significantly smaller than for the symmetric configuration. To investigate the angular-inflow effects in more detail, Fig. 18 presents the waveforms of the acoustic pressure for the three sideslip cases at the low thrust condition (J = 1.75). Note that the results were obtained at constant advance ratio, which implies that the propeller loading differed considerably between the three cases (Fig. 12) .
The pressure traces plotted in Fig. 18 confirm the complex changes to the soundfield due to the operation at sideslip discussed before. At the negative sideslip angle (Fig. 18b) , the shape of the waveform corresponding to the isolated propeller (pylon-off) was modified due to the addition of the noise source caused by the unsteady blade loads. Operation at positive sideslip (Fig. 18c) increased the amplitude of the isolated-propeller noise, due to both the unsteady blade loads and the blade Mach number effect.
The interaction effects due to the pylon installation were strongly affected at positive sideslip. In this inflow regime, the amplitudes of the positive pressure peaks were hardly changed by the installation of the pylon, as opposed to the results for the symmetric case and at negative sideslip. Instead, the pylon-wake impingement led to strong negative peaks in the acoustic waveform. This is likely related to the concurrent effects of the angle-of-attack perturbations due to the operation at sideslip and the installation of the pylon. At b ¼ þ6 , the wake encounter occurred in the part of the rotation where the blade angle of attack decreased due to the angular inflow. Therefore, the velocity deficit in the pylon wake locally reduced the angle-of-attack disturbance experienced by the propeller blades. Consequently, the wake impingement resulted in an additional change of sign of the blade-loading gradient when compared to the cases at b ¼ 0 and b ¼ À6 . This explains the additional negative peak in the acoustic waveforms and stresses the importance of proper consideration of the propeller rotation direction for optimal integration of the propellers with the airframe.
Conclusions
This paper has presented a comprehensive analysis of the aerodynamic and aeroacoustic interaction effects occurring for pylon-mounted pusher propellers. The unique evaluation of the flow fields between the pylon and the propeller showed that the suction of the propeller reduces the severity of the pylon-wake encounter. The wake width and velocity deficit decrease with increasing thrust setting due to the favorable pressure gradient imposed by the propeller.
Measurements of the integral propeller performance confirmed previously published results by showing that the passage of the blades through the pylon wake has a negligible effect on the steady-state propeller thrust and torque. In contrast, the impact on the unsteady blade loads is significant, with a rapid increase in normal force during the wake encounter. The fluctuating blade pressures modify the amplitude, spectral content, and directivity of the propeller noise emissions, confirming results published in literature. The sensitivity of the interaction noise to the propeller operating point is lower than for the noise sources associated with the isolated propeller. Therefore, the installation of the pylon reduces the sensitivity of the propeller noise emissions to the thrust setting. The additional noise due to the unsteady blade loads peaks in the upstream direction, independent of the propeller thrust setting. At the lowest thrust setting considered, a maximum tonal noise penalty of 24 dB was measured. The impulsive nature of the pylon-wake encounter enriches the spectral content of the noise emissions. As such, the harmonics significantly contribute to the overall noise levels for the pylon-on configuration. Only the tonal noise levels were affected by the pylon-installation effects, while the broadband levels remained unchanged.
When operating in asymmetric inflow, the pylon tip vortex interacts with the propeller to result in significant modifications of the mean propeller performance. The rotational velocity components induced by the tip vortex affect the effective advance ratio sensed by the propeller, thereby changing the propeller rotational speed required to achieve a given thrust. The propeller performance is enhanced when the direction of rotation of the pylon tip vortex is opposite to that of the propeller. The noise penalty due to the pylon-installation effect can significantly decrease in this condition if the wake impingement occurs in the part of the rotation where the effective rotational velocity is reduced by the angular inflow. These novel results emphasize the importance of consideration of the propeller rotation direction for the optimal integration of the propellers with the airframe. 
